ity procedures, 4-6 anti-T cell antibodies conjugated to toxins, or to magnetic spheres, [7] [8] and counterflow centrifugal elutriation (CCE).
The procedure used results in the concentration of most graft-versus-host disease. Previous studies have shown that more immature CD34
؉ cells in human BM tend to CFU-GM, BFU-e, and also of most CD34 + cells in the nonlymphocytic fraction.
10, 14 Like other methods of T lymphobe smaller than more mature CD34 ؉ cells. Human BM was subjected to CCE with the 4 ml standard chamber cyte depletion, CCE is associated with an increased risk of graft failure, despite producing a marrow graft enriched for at constant rotor speed (2300 r.p.m.) and increasing flow-rate (14-23 ml/min, rotor-off). The eleven fractions assayable hematopoietic progenitors. [10] [11] [12] [13] [14] Graft failure following various methods of depleting T lymphocytes from collected were assayed for CD34
؉ and CD3 ؉ cells, and for CFU-GM, HPP-CFC and long-term culture initiatthe marrow grafts may well be partly caused by eliminating a proportion of hematopoietic stem cells.
Studies in animals ing cells (LTC-IC). The CD3
؉ T cells were enriched in the early (small-cell) fractions 14-17 ml/min. CD34 ؉ and in humans have suggested that the most immature CD34
+ cells are smaller in size than more mature CD34 + cells were enriched in fractions 17-21 ml/min, and CFU-GM were concentrated in the same fractions. HPP-CFC cells. [15] [16] [17] In humans, Brandt et al, 15 Wagner et al, 16 and Chang et al 17 all found that early progenitor cells were and LTC-IC showed nearly identical CCE profiles, with enrichment in fractions 16-18 ml/min. When fraction found among the smaller cell fractions after CCE. Cells capable of inducing long-term culture (LTC-IC), and for-р17 ml/min was chosen as cut-off, the small-cell fraction contained 94.0% of all CD3 ؉ cells, 44.4% of total ming colonies of high proliferation potential (HPP-CFC), were found among the smallest CD34 + cells. 16, 17 Although cells, 33.2% of CD34 ؉ cells and 34.7% of CFU-GM; however, 67.6% of HPP-CFC and 72.4% of LTC-IC most CFC and CD34 + cells can be separated from T lymphocytes through CCE, some investigators reported conwere recovered in this small-cell fraction. These data suggest that T cell depletion through CCE as used by siderable loss of early progenitor cells in the lymphocyte fraction. 16 In the present study, attempts were made to us, while losing only minor proportions of CD34 ؉ cells and CFU-GM, carries the risk of losing the majority of quantify the loss of various progenitor cells as compared to T lymphocytes and mature myeloid cells, in a high-sensimore immature progenitor cells. This may lead to an increased risk of graft failure, in particular in HLAtivity CCE procedure. The results indicate that T cell depletion through CCE may lead to considerable loss of mismatched transplants. Keywords: elutriation; T cell depletion; CD34; LTC-IC; the earliest progenitor cells from the marrow graft. marrow transplant
Materials and methods
Graft-versus-host disease (GVHD) remains a major Donors obstacle to successful allogeneic bone marrow transplantation.
1,2 Depletion of T lymphocytes from the donor marDonors for bone marrow donation were healthy volunteers. row prior to transplantation substantially reduces morbidity Fifty to seventy ml of bone marrow was aspirated from the and mortality from acute and chronic GVHD. Methods of posterior iliac crest after informed consent was obtained ex vivo lymphocyte depletion are varied and include lectinaccording to guidelines established by the Institutional separation followed by sheep erythrocyte rosetting, 3 phere at 37°C and 5% CO 2 for 5 weeks. At weekly intervals Alto, CA, USA), which had been sterilized by autoclaving cultures were fed by removing half of the cell-free super-(121°C, 20 min). Loading was done at 18°C with a flow natant from top or bottom wells and replacing it with fresh rate of 5 ml/min and with rotor speed 2600 r.p.m. (relative long-term culture complete media. Nonadherent cells recocentrifugal force 651-946 g). The elutriation medium was vered from the bottom well after 5 weeks of culture were 0.9% sodium chloride injection UPS (Baxter, Deerfield, IL, assayed in short-term methylcellulose assay (14 days) for USA). A Masterflex peristaltic pump (Cole-Parmer Instruthe presence of primitive progenitors (LTC-IC). ment, Barrington, IL, USA) was used to maintain a constant and precise flow rate. After the cells had been loaded into Flow cytometry assay the chamber, the rotor speed was decreased to 2300 r.p.m. (510-741 g). Subsequently, the flow rate was slowly
The FACStar Plus flow cytometer (Becton Dickinson, San increased to 14 ml/min with the rotor speed held constant.
Jose, CA, USA) equipped with an argon laser with emission A volume of 50 ml was eluted. Then stepwise the flow rate at 488 nm was used. Data acquisition was done with the was increased each time by 1 ml/min, and fractions of 50 Lysis 2.0 software package after gating cell populations ml were collected at р14, 15, 16, 17, 18, 19, 20, 21, 22 defined by their light scatter properties. A minimum of and 23 ml/min. Finally, the rotor was turned off and the 20 000 events were analyzed on each sample. For surface remaining cells were eluted, rotor-off (R/O). The cells colantigen detection, the cells were washed once with PBS lected in each fraction were centrifuged and resuspended (containing 2% FBS, 1 mm EDTA), and were resuspended in phosphate-buffered saline (PBS) with 2% fetal bovine at 5-10 × 10 6 cells/ml in PBS. Then 100 l cells were pelserum and 1 mm EDTA.
leted and 10 l of the appropriate antibodies added. After incubation for 30 min at 4°C in the dark, cells were washed twice with PBS and fixed with 1% paraformaldehyde and analyzed for fluorescence. The various antibodies used Methylcellulose colony assay were: CD34-PE, CD3-PE, CD19-FITC, IgG1-PE, CD15-FITC, CD11b-PE, IgG1-FITC (Becton Dickinson), CD38-Cells fractionated by CCE, or long-term culture initiating FITC, HLA-DR TC, Ig1-TC (Caltag, South San Francisco, cells, were plated in 35-mm Petri dishes (Corning, NY, CA, USA). USA), in a total volume of 1 ml standard methylcellulose complete medium containing 0.9% methylcellulose, 30% fetal calf serum, 1% bovine serum albumin, 100 mol/l 2-Statistics mercaptoethanol, 3 U/ml erythropoietin, 2 mm l-glutamine and 5% PHA-LCM (StemCell Technologies, Vancouver, Two-tailed t-tests were used to compare differences Canada). 10 4 or 10 5 cells were plated per Petri dish. All between the two groups. Spearman rank test was used to cultures were started in duplicate, and scored with an correlate the two parameters. P values Ͻ0.05 were inverted microscope at 14 days for the presence of erythroid considered significant. bursts (BFU-e), GM colonies (CFU-GM), and mixed cell colonies (CFU-GEMM). Erythroid bursts (containing Ͼ200 cells) were identified on the basis of their orange-red color.
Results Colonies composed of more than 50 non-erythroid cells were scored as CFU-GM. Colonies containing more than Cell loss during CCE 200 cells composed of both erythroid and non-erythroid elements were scored as CFU-GEMM. High-proliferative
In five experiments with human marrow, the recovery of cells after CCE was determined. The results are shown in potential colony-forming cells (HPP-CFC) were scored after 28 days in culture, as large (Ͼ0.5 mm and frequently Table 1 . The total number of cells loaded varied between 308 and 749 × 10 6 . The recovery ranged between 45.9 and up to 2-3 mm in diameter), dense late-appearing colonies, composed primarily of granulocytes and a smaller number 85.2%. It appeared that the more cells were loaded, the better the recovery (P = 0.08). The absolute loss ranged of monocytes. 18 
Elutriation patterns
Very few LTC-IC were found in fractions 21 and beyond (Figure 1f ). When human bone marrow was subjected to CCE with a constant centrifugal force (2300 r.p.m.) and an increasing counterflow rate with steps of 1 ml/min, two peaks were Cumulative depletion of various subpopulations found for the total cell recovery (Table 2 ). About 35% of By combining the concentration of the various subpopulacells were recovered in fractions р14 and 15, and about tions in the CCE fractions (Figure 1 ) with the recovery of 34% in the R/O fraction. The remainder of the cells were the total number of cells (Table 2) , the cumulative depletion equally distributed over fractions 16-23. of the subpopulations by increasing the counterflow rate The CCE pattern of CD3 + cells showed an enrichment could be calculated. As shown in Figure 2a , 87.7 Ϯ 11.6% of these cells in fractions р14-17 ( Figure 1a) + from the small-cell frac-59.1 Ϯ 15.0% of LTC-IC were recovered in the fractions tions (р14, 15) and an enrichment in fractions [17] [18] [19] [20] [21] р16. The difference between the percentages of CFU-GM (Figure 1b) . Thus, whereas the post-Ficoll concentration of and LTC-IC in fractions р16 was highly significant (P = CD34 + cells was 3.3 Ϯ 1.2% (mean Ϯ s.d.), fractions 17-0.0003). 19 each contained between 8.0 and 8.5% CD34 + cells. In When T cell depletion was enhanced by choosing fraction 17 as the cut-off (р17 vs у18), 44.4 Ϯ 14.3% of the total cells collected were found in the small-cell fractions, IC in fractions р17 was significant (P = 0.009). Irrespec- р16 ml/min, р17 ml/min, р18 ml/min or р19 ml/min, a and CFU-GM in these fractions (P у 0.3 in all instances).
identical siblings, they observed one graft failure and two patients with split chimerism (lymphocytes all of recipient Obviously, the differences between CD34
+ and CD3 + cells were highly significant for all cut-off points (P р 0.001 in origin). The CCE procedure used depleted 96 Ϯ 3% of Erosette-positive cells. When the series had expanded to 80 all comparisons).
patients, 5% of the evaluable patients had primary graft failure or rejection. 11 The CCE procedure used by this group, reportedly concentrated 59-85% of CD34 + CD33
− Discussion HLA-DR − cells in the final graft. 14 Wagner et al 12 reported 38 patients in a phase I clinical The results of this study suggest that CCE (as used by us) as a method of T cell depletion for allogeneic BMT carries study of CCE in allogeneic BMT from HLA-identical sibling donors. The final graft contained 2.2 Ϯ 1.5% of the a considerable risk of losing a large proportion of very early hematopoietic progenitor cells, ie HPP-CFC and LTC-IC.
harvested lymphocytes, which was arrived at by mixing the R/O fraction with sufficient cells from smaller fractions to The removal of 96% of all CD3
+ cells under the experimental conditions used, led to the loss of at least 65% of arrive at a 1 × 10 6 /kg lymphocyte dose. One of the 38 patients failed to engraft. In a subsequent phase I-II study, HPP-CFC and LTC-IC.
CCE as a clinical T cell depletion technique has been these investigators decreased the final lymphocyte dose infused to 0.5 × 10 6 /kg (0.9 Ϯ 0.5% of the harvested used successfully by several groups of investigators. de Witte et al 10 introduced CCE to clinical transplantation. lymphocytes). One of 23 patients had graft failure. 13 Taking the results of these two groups of investigators Among the first 22 patients receiving allografts from HLA-together, it appears that CCE as a method of T cell Fifth, in some of the clinical studies a very large number of bone marrow cells was harvested. Thus, in the study depletion allows a high frequency of engraftment (Ͼ95%) while removing Ͼ96% of T lymphocytes in HLA-identical with the most extensive T cell depletion through CCE, the number of harvested bone marrow nucleated cells was sibling transplants. Quinones 19 Even with extensive loss of early progenitor cells through CCE, this would still leave transplants. 19 The authors reported CFU-GM recovery of 116 Ϯ 141% as compared to the harvested marrow after a considerable number of such progenitors in the final graft. In spite of these reservations, the data presented suggest single-extended cycle elutriation and 84 Ϯ 51% after double-cycle elutriation. T cells were reduced by 3.2 log after that CCE as a method of T cell depletion may well carry the risk of considerable loss of early hematopoietic progenione cycle and by 3.6 log after two cycles. The R/O fraction and variable amounts of smaller cell fractions were transtor cells, which are potentially the cells responsible for permanent engraftment. 20 Similar concerns have been raised planted in order to arrive at 0.6 Ϯ 0.3 × 10 6 /kg T cells (one cycle CCE) or 0.1 Ϯ 0.04 × 10 6 /kg (double-cycle CCE). In by other investigators. Jones et al 21 found that in the mouse model, the larger cell fraction was highly enriched for the single-cycle group five out of six patients engrafted, whereas in the double-cycle CCE group seven out of 10 CFU-GM, but was capable of only short-term engraftment; the smaller cell fraction was depleted of CFU-GM and daypatients engrafted.
There appears to be a discrepancy between the overall 12 CFU-S, but achieved long-term hematopoietic reconstitution. 21 Wagner et al 16 studied human CD34 + cells after satisfactory engraftment data in the clinical studies on the one hand, and the extensive loss of early hematopoietic pro-BM fractionation by CCE. Their small fractions (mean size 8.5 , comparable to fraction 17 ml/min in the present genitor cells on the other hand. Several possible explanations for this discrepancy exist. study), contained most of the LTC-IC activity and had additional features of quiescent primitive progenitor cells. First, the CCE procedure used in this study is not identical to those used in the clinical studies. In the present This has led these and other investigators to include positively selected CD34 + cells from the smaller cell fractions study, elutriation of mononuclear cell fractions was obtained with a small chamber by increasing the counafter CCE, with the final marrow graft. 22 In particular in transplants from mismatched related and (mis)matched terflow rate while keeping the centrifugal force at a constant (and relatively low) level. In the clinical studies, elutriation unrelated donors, the total number of donor stem cells infused may be of critical importance. The loss of a large was accomplished by either decreasing centrifugal force at a constant counterflow rate, 10, 11 or using a larger proportion of early progenitor cells in the smaller cell fractions of CCE in such patients might well lead to a high chamber, 12, 13 and a higher centrifugal force. 13, 19 The Stokes' equation describes the sedimentation velocity of perincidence of graft failure. fect spheres, and hematopoietic cells clearly do not fulfill that criterion. Furthermore, density is also a factor in the Stokes' equation. Small differences in experimental con
